high light intensity such as sunlight. Thus, these two parallel photosensory pathways seem to complement each other.
Photoreceptors of the Bolwig organ are involved in essential light responses such as light-avoidance and circadian rhythm control and are presumed to respond exclusively to light using rhodopsins [17] . Conversely, the majority of reported non-imageforming photoreceptive neurons can also sense thermal, mechanical and chemical stimuli [4, 8] . This has led to the idea that different types of information (light, thermal and mechanical) should be integrated by a single type of neuron to elicit a behavioural response. Xiang and colleagues [8] propose that a possible behavioural function for class IV multidendritic neurons is nocifension -a behavioural response to potentially harmful stimuli. Class IV multidendritic neurons are required for thermal and mechanical nociception [18] . Avoidance of strong light mediated by multidendritic neurons may also be a nocifensive response to the risk of desiccation in sunlight. Interestingly, Drosophila larvae are able to perform rather complex tasks, for instance to learn and memorize when light is associated with other sensory stimuli [19] . However, evidence on whether the unconventional light sensors mediate such learning remains elusive.
The discovery of non-canonical phototransduction pathways using unexpected sensory neurons raises exciting questions about the molecular nature of these pathways and how distinct photosensory neuronal networks act to integrate sensory information. Actin Motility: Formin a SCAry Tail
A new biochemical analysis has revealed that the Rickettsia bacterial protein Sca2 -recently shown to be essential for virulence and actin-dependent motility -assembles actin filaments using a mechanism that functionally resembles the processive elongation tactics used by formins.
Art Alberts 1 and Michael Way 2
The stimulation of actin polymerization by the Arp2/3 complex drives many essential cellular processes, including cell migration [1] . Unfortunately for public health, a number of unrelated bacterial and viral pathogens (such as Listeria monocytogenes, Shigella flexneri, and vaccinia virus) recruit and activate the Arp2/3 complex, allowing them to usurp the power of actin polymerization to enhance their cell-to-cell spread [2] [3] [4] [5] .
Understanding how these pathogenic tyrants (as well as others such as enteropathogenic and enterohaemorrhagic Escherichia coli) induce actin polymerization has, however, provided important insights into the cellular proteins and mechanisms used to recruit and activate the Arp2/3 complex [2] [3] [4] [5] [6] .
In vitro motility assays with Listeria were also pivotal in demonstrating that the Arp2/3 complex was actually able to stimulate actin polymerization [7] . A recent study by Haglund et al. [8] has now reported an Arp2/3-independent mechanism for actin polymerization mediated by the Rickettsia bacterial protein Sca2. Rickettsia species are obligate intracellular Gram-negative bacteria that are responsible for a number of serious arthropod-borne human diseases, including typhus and a variety of spotted fevers. Actin-based motility, however, is restricted to the spotted fever-inducing species such as R. conorii and R. rickettsii, which induce Mediterranean and Rocky Mountain spotted fever, respectively. In contrast to most of the bacterial pathogens that induce actin polymerization, R. conorii and R. rickettsii are capable of nucleating actin polymerization without hijacking the Arp2/3 complex [9, 10] . Consistent with this, the actin tails nucleated by these bacterial pathogens are composed of long, straight filaments, rather than the shorter, branched filaments characteristic of actin polymerization induced by the Arp2/3 complex (Figure 1 ) [9, 11] .
Comparative analysis of the genomes of typhus and spottedfever-inducing Rickettsia species led to the recognition of RickA as the potential bacterial actin-tail nucleator [12, 13] . RickA, which is only found in spotted-fever-inducing species, contains a central proline-rich region and has significant sequence homology to the actin-and Arp2/3-binding regions of WASP-family proteins [12, 13] . Subsequent in vitro analysis confirmed that, as with other WASP-family members, RickA was able to activate Arp2/3-complex-dependent actin polymerization, induce actin filament branching, and stimulate actin-based motility of beads in cell extracts [12, 13] . RickA is also associated with R. conorii in infected cells, even though it lacks an obvious signal peptide or membrane anchor that would point to its localization on the surface of the bacterium [12] . Unfortunately, in the absence of a genetically manipulable model, it was impossible in these studies to test whether RickA is necessary for the stimulation of Rickettsia actin-based motility.
The morphology of Rickettsia actin tails [9, 11] , the absence of Arp2/3 along the length of these tails [10, 12] , as well as the ability of the bacterium to undergo actin-based motility in cells in which the Arp2/3 complex is inhibited [10, 14] , however, all pointed to the involvement of additional bacterial factors. The presence of RickA in R. raoulti, a spotted-fever-group bacterium that is unable to induce actin tails, also supported this notion [15] . Recent analysis using transposonmediated mutagenesis in R. rickettsii has shown that this is indeed the case [16] . Kleba and colleagues [16] found that disruption of the Sca2 (surface cell antigen 2) open reading frame did not affect growth but led to an absence of bacterial-induced actin polymerization, resulting in a lack of cell-to-cell spread and a reduction of virulence in an animal model of infection.
In contrast to RickA, Sca2 is predicted to localize to the surface of the bacterium, as it contains an amino-terminal Sec-dependent secretion signal as well as a carboxy-terminal autotransporter domain required for anchorage in the outer bacterial membrane [16] . Like RickA, Sca2 is predicted to contain actin-binding WASP homology 2 (WH2) domains [8, 16] (Figure 2 ). WH2 domains bind actin monomers and, when brought into proximity with each other, as in the case of Cordon Bleu (Cobl) (Figure 2 ), they can serve as potent nucleators of new filament assembly [1, 17] .
Sca2 also contains a number of proline-rich regions (PRRs), a feature shared with formins ( Figure 2) . Formins nucleate and processively elongate actin filaments during a number of conserved cellular processes in all eukaryotes [18, 19] . Their primary role is to support cell polarity by directionally generating linear actin filaments within cells, often under the control of Rho-family GTPases. Site-specific formin activation of actin assembly has been shown to propel membranes forward in migrating cells in the form of lamellipodia and filopodia [18] . Formins are also capable of trafficking membrane-bound vesicles such as endosomes, as well as beads or vesicles in in vitro motility assays. Given their importance, it is not surprising that formin gene defects are associated with a myriad of diseases ranging from deafness to tumor suppression [19] .
In formins, the proline-rich formin homology 1 (FH1) domain typically An illustration of the qualitative differences between actin tails induced by (A) Listeria monocytogenes and (B) Rickettsia rickettsii. The ActA protein on the surface of Listeria binds to and activates the Arp2/3 complex, promoting robust polymerization of short branched actin filaments. In contrast, actin tails induced by Rickettsia consist of long unbranched filaments. Recent studies reveal that Sca2, which is predicted to localize to the surface of the bacterium, is essential for Rickettsia actin-tail formation. Haglund and colleagues [8] have now shown that Sca2 emulates the activity of formins to nucleate and processively elongate non-branched actin filaments. Initiation of the Rickettsia actin tail may, however, still require the previously described bacterial protein, RickA, which can activate Arp2/3-complex-dependent actin polymerization in vitro.
comprises P-X-X-P motifs that bind profilin-actin complexes. FH1 domains are almost always in tandem with the formin homology 2 (FH2) domain and form a flexible dimer that is responsible for accelerating actin polymerization [18] . The presence of WH2 and PRRs suggests that Sca2 may function as an actin assembly factor. In the new study, Haglund and colleagues [8] have now used classic in vitro pyrene-actin polymerization assays to demonstrate that Sca2, which is localized at the site of R. parkeri actin-tail formation, does indeed have a robust capacity to nucleate actin filaments. Recombinant GST-Sca2-coated beads were also able to stimulate the formation of long-lived actin arrays in Xenopus laevis egg extracts. Using varying concentrations of actin at or near the critical concentration for spontaneous filament assembly, Haglund and colleagues [8] found that Sca2 buffers the filament elongation that was hypothesized to occur by addition of monomers to the faster-growing barbed end (actin filaments are polarized with pointed and barbed ends). Consistent with this, increasing concentrations of Sca2 were able to compete with CapZ, a bona fide barbed end-capping protein. In this respect, Sca2 is functionally homologous to formins [8] .
Sca2-dependent actin filament assembly was directly visualized by total internal reflection fluorescence (TIRF) microscopy, which allows for both a qualitative (linear versus branching) and a quantitative (nucleation frequency and elongation rates) assessment of actin dynamics. TIRF imaging confirmed that Sca2 accelerated actin assembly only at barbed ends of filaments. The biochemical evidence supports a formin-like activity for Sca2: namely, it behaves like a leaky capper that processively elongates actin filaments at their barbed end by creating an environment that favours monomer addition [18] . Consistent with its formin-like actin-nucleating properties, Sca2 can also propel coated beads in cell extracts [8] .
A formin-like activity for Sca2 is somewhat surprising given its overall domain structure (Figure 2) . Curiously, Sca2 has a similar domain structure to other actin nucleators that contain multiple WH2 domains, such as Cobl (Figure 2 ). Current models propose that the proximity of actin-binding WH2 domains in Cobl induces filament polymerization by locally concentrating actin monomers to trigger nucleation [1, 17] . The presence of the proline-rich regions, however, may enhance the filament nucleation by virtue of their ability to recruit profilin-actin complexes. This then raises the possibility that Cobl, like Sca2, might also harbor a formin-like activity that operates at the barbed end of growing filaments. Re-evaluation of the actin nucleating properties of Cobl by TIRF microscopy in the presence or absence of profilin-actin complexes would rapidly resolve whether this is indeed the case.
Sca2 therefore has the expected actin nucleation properties required to induce Rickettsia actin tails with the required morphological appearance. So, where does this now leave RickA and its ability to induce Arp2/3-complex-dependent actin polymerization? In the absence of a genetic test for RickA, we cannot formally exclude its involvement in Rickettsia actin-tail formation, possibly at the initial stages of nucleation, as suggested by Gouin and colleagues [12] . It is also tantalizing that R. peacockii, which lacks a functional RickA, cannot induce actin tails even though Sca2 is conserved [20] . Maybe nature has already provided us with the missing genetic test for functional complementation and the task ahead is to understand how Sca2 and RickA collaborate to promote the actindependent cell-to-cell spread of Rickettsia. (Figure 1 ). Mice mutant for EphA4, however, show only a partial disruption of LMC L axon projections [5] , indicating that other guidance factors must be involved. Indeed, complex expression patterns and functional data implicate other guidance molecules [7] [8] [9] . These include the Ret receptor and its ligand, GDNF. Now, writing in a recent issue of Current Biology, the lab of Rü diger Klein [10] has demonstrated in an elegant series of experiments that GDNF is a chemoattractant for neuronal growth cones. Ret is expressed at higher levels on LMC L than on LMC M axons, while its ligand, GDNF, is expressed dorsal to the choice point at a time when LMC L axons diverge from LMC M axons (Figure 1 ) [5] . Over-expression of Ret on medial LMC axons has been known to re-direct these axons into the dorsal limb, suggesting the operation of an attractive, GDNF-mediated guidance system. Conversely, genetic ablation of ret results in a partial mis-targeting of lateral LMC axons into the ventral limb. Furthermore, in the double knockout of ret and EphA4, a much higher number of LMC L axons project into the ventral limb, suggesting that these molecules constitute the main guidance system for LMC L motor axons [5] .
Diaphanous
These compelling in vivo data paved the way for an in vitro investigation of how these molecules orchestrate the guidance decisions of LMC L axons as now undertaken by the Klein lab. Dudanova et al. [10] used a Dunn chamber to perform a 'turning assay', in which GDNF was presented to spinal motor axons as a gradient. They found that axons of LMC L motor neurons oriented towards higher concentrations of GDNF, whereas LMC M axons (expressing less Ret) did not show such a behaviour. GDNF was also found to promote the overall growth of both LMC L and LMC M axons. The different sensitivities of LMC L and LMC M axons with regard to instructive versus permissive guidance are unclear, but possibly gradient detection requires a high level of receptor expression, while for outgrowth promotion the expression might have to be merely above a certain threshold.
